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Abstract
Novel VUV sources and techniques for VUV spectroscopy are reviewed. Laser-
based VUV sources have been developed via non-linear upconversion of laser pulses
in the nanosecond (ns), the picosecond (ps), and femtosecond (fs) domain, and are
applied in high-resolution gas phase spectroscopic studies. While the ns and ps
pulsed laser sources, at Fourier-transform limited bandwidths, are used in wave-
length scanning spectroscopy, the fs laser source is used in a two-pulse time delayed
mode. In addition a Fourier-transform spectrometer for high resolution gas-phase
spectroscopic studies in the VUV is described, exhibiting the multiplex advantage
to measure many resonances simultaneously.
1 Introduction
In the wavelength region of the vacuum ultraviolet, i.e. the range 50−200 nm,
most molecules exhibit an unstructured continuum spectrum, since the high
energy photons probe the level structure above one or more dissociation limits.
However, some important molecules exhibit a spectrum of narrow lines even at
wavelengths as short as 100 nm. The carbon monoxide (CO) molecule has its
first dissociation limit beyond 10 eV, and its spectrum in the range 80-120 nm
is characterized by strongly perturbed rovibronic resonances, where virtually
all lines undergo predissociation. These phenomena are of great importance
for the investigation of the chemical dynamics of the interstellar medium,
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in particular of star-forming regions, where the photodissociation of CO is
the governing dynamical process and CO is, at the same time, the coolant
molecule [1]. The nitrogen molecule (N2), iso-electronic to CO, has an onset of
a dipole-allowed absorption spectrum at 100 nm, while its spectrum is similarly
perturbed and prone to predissociation. The photoabsorption of N2 is of great
importance for the dynamics of the upper layers of the Earth’s atmosphere,
and recently the importance of N2 photo-predissociation for the interstellar
medium is increasingly recognized [2]. The dipole-allowed absorption spectrum
of molecular hydrogen (H2) has its strongest lines in the Lyman and Werner
bands in the wavelength range 90 − 115 nm. High-resolution spectroscopic
studies and high-accuracy wavelength calibration studies of these sharp H2
resonances has become of specific relevance for studies searching for a possible
variation of the proton-electron mass ratio on a cosmological time scale [3, 4].
In the domain of high-resolution studies of atoms in particular the ground state
of the Helium atom has been the target of many detailed studies over decades.
This two-electron system is amenable for accurate ab initio calculations in-
cluding quantum electrodynamic (QED) effects. The accurate determination
of the ground state Lamb shift has been a driving force for the development
of VUV-lasers and VUV-laser spectroscopic techniques since the first laser
excitation of the first resonance line in the Helium atom [5].
2 Nano-second pulsed VUV sources
Techniques of harmonic generation in gases for the production of tunable ra-
diation in the VUV domain have become well-established over the years. Al-
though resonant sum- and difference-frequency techniques have many advan-
tages to produce the best intensities and to cover a wide wavelength range [6],
the approach of non-resonant third-harmonic generation has certain advan-
tages for studies where absolute frequency calibration is the central concern.
The setup displayed in Fig. 1 shows an example of a narrowband tunable
laser system, based on a traveling-wave pulsed three-stage pulsed dye amplifier
(PDA), which is seeded by the output of a continuous wave (CW) ring dye-
laser [7]. By this means laser pulses of Fourier-transform limited bandwidth are
produced, corresponding to the pulse duration (5 ns) of the frequency-doubled
Nd:YAG laser employed for pumping the PDA. The intense PDA pulses (typi-
cally 200 mJ) are easily converted to the UV via second harmonic generation in
a KDP crystal. Upon focusing the UV pulses underneath the orifice of a pulsed
valve in a jet of xenon, third harmonics are generated, therewith producing
VUV pulses at the exact 6th harmonic of the fundamental. When running the
ring dye laser in its operating range of λf = 560− 690 nm, tunable radiation
in the VUV range of λV UV = 93 − 115 nm can be produced. In view of the
pulses being somewhat shortened in the non-linear upconversion process, the
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typical duration is ∼ 3 ns and the bandwidth in the VUV is about 250 MHz.
This bandwidth slightly exceeds the Fourier-bandwidth due to chirp effects in
the dye amplifier and harmonic upconversion.
Figure 1
The main advantage of the system displayed in Fig. 1 is that the VUV output
is governed by the exact 6th harmonic of the seed-frequency, a property which
may be exploited in the accurate calibration of the measured resonances in
the VUV. The frequency of the (CW) seed-light is accurately calibrated by
performing saturated absorption spectroscopy on I2, for which the individual
hyperfine components are known to an accuracy of 1 MHz [9, 10]. The separa-
tion between an I2 resonance at the the fundamental and the VUV-resonances
at the 6th harmonic is then bridged in terms of fringes from a stabilized etalon,
locked to a stabilized HeNe-laser. This procedure is illustrated in Fig. 2, show-
ing a recording of a specific line in the Lyman band system of the H2 molecule.
As in many experiments employing laser-based VUV radiation, a measurement
scheme is chosen employing 1 VUV + 1 UV resonance-enhanced two-photon
ionization. In this scheme the VUV radiation resonantly excites a high-lying
state in the atomic/molecular system, which is then further ionized by the
spatially and temporally overlapping UV beam, i.e. the leftover beam from
the harmonic conversion in the gas jet. The error budget of VUV absolute fre-
quency measurements contains contributions of statistics, and of systematic
effects related to the AC Stark effect (induced primarily by the UV beam),
and the residual Doppler effect due to non-perfect perpendicular alignment of
the laser beams with respect to the collimated molecular beam. An additional
source of uncertainty is related to possible chirp effects in the pulsed laser
beams, as a result from time-dependent gain in the dye amplifiers. Experi-
mental methods have been developed to determine the effect of this chirp on
the measured transition frequency, and even to compensate the chirp effect by
adapting the phase of the incident seed-light by an electro-optic modulator [8].
Figure 2
A comprehensive study has been performed on the VUV absorption spectrum
of H2 with the focus on accurate wavelength calibration for all the lines in the
Lyman (B1Σ+u - X
1Σ+g ) and Werner (C
1Πu - X
1Σ+g ) bands [11]. Similar calibra-
tions were performed on the HD isotopomer [12, 13]. These studies provide a
database of accurate absolute wavelengths for all H2 and HD absorption lines,
at an accuracy of ∆λ/λ = 4 × 10−8. This database forms an ingredient for a
study of possibly varying constants on a cosmological time scale. Thereby use
is made of the equation:
λzi
λ0i
= (1 + zabs)(1 +
∆µ
µ
Ki) (1)
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making a comparison of the wavelengths λzi as obtained from astronomical
observations at high redshift z to the wavelengths λ0i in the database (at zero
redshift z = 0), where zabs is the overall redshift of an absorbing galaxy with
observable H2 abundance in the line of sight toward a quasar source. The final
factor on the right hand side of the equation represents the possible effect of a
drifting proton-electron mass ratio µ = mp/me, with ∆µ/µ the relative change
in its value. For a comparison based on Eq. (1) a calculation of sensitivity
coefficients Ki is required. Their values can be calculated from the known
level structure of the H2 molecule, by semi-empirical methods via [14]:
Ki =
d lnλi
d lnµ
(2)
Data on high-redshift H2 absorptions are derived from astronomical observa-
tions using the largest optical dishes and high-resolution spectrometers (the
Very Large Telescope with the UVES spectrometer, and the Keck telescope
with the HIRES spectrometer). A comparison to accurate laboratory wave-
lengths, and invoking the calculated Ki sensitivity constants then leads to
estimates on a possible variation of the proton-electron mass ratio. The most
detailed studies [15–17] yield the overall result that the proton-electron mass
ratio has not changed by more than 0.001 %, or |∆µ/µ| < 10−5 for redshifts
of z = 2−3.5. This corresponds to look-back times of 10-12 billion years. This
important result relies on the accurate laboratory calibration of H2 and HD
spectroscopic lines in the VUV.
Figure 3
Harmonic generation in the perturbative regime, hence at power densities of
< 5 × 1012 W/cm2, usually is restricted to 3rd harmonics. However, with the
high-power frequency-doubled PDA-laser system of Fig. 1 small amounts of 5th
harmonics could be produced, therewith producing the narrowest bandwidth
pulses at wavelengths as short as 58 nm [18]. Based on such a VUV system
the 1s2 1S0 - 1s2p
1P1 resonance line of the helium atom could be excited at
a resonance width of 600 MHz (see Fig. 3). Careful analysis of systematic
effects, in particular the chirp-effects in the PDA-system and in the harmonic
conversion process, allow for an experimental accuracy on the resonance line
of ∆λ/λ < 10−8 and a determination of the Lamb shift in the He ground state
at an accuracy of 45 MHz [8].
3 Pico-second pulsed VUV sources
At incident power densities of > 1013 W/cm2 a sequence of harmonics can
be produced, known as the plateau region [19]. In order to reach the plateau
threshold with laser pulses as narrow as possible in the frequency domain, a
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laser system was built generating high-power pulses at 300 ps duration [20]. A
combination of techniques was employed as shown in the setup of Fig. 4. Pow-
erful pump pulses at 300 ps duration were generated by stimulated Brillouin
scattering in a compact configuration using liquid methanol as the nonlinear
medium [21]. These pulses pumped a pulsed-dye amplifier, injection seeded by
the output of a CW Ti:Sa laser, running on infrared dyes with typical excited
state lifetimes of 300 ps. This allows for producing pulses of 300 ps, tunable in
the range 700-850 nm at a repetition rate of 10 Hz. Further amplification in a
Ti:Sa preamplifier and a seven-pass Ti:Sa bow-tie amplifier resulted in pulses
of > 250 mJ/pulse at a Fourier-transform limited bandwidth of 1.5 GHz with
a Fourier-product of ∆ν × ∆τ = 0.45. After focusing the pulses with a lens
with a focal distance of f = 20 cm, harmonics up to 15th were generated [22].
In this process chirp phenomena cause a rather large broadening of the band-
width of the pulses in the VUV [23]. This is the result of blue-shift effects
from ionization in the early part of the pulse, and red-shift effects due to the
plasma expansion in the trailing part of the pulses. Moreover, the combination
of pulse duration and peak intensity causes the interaction volume to become
fully ionized already during the front part of the pulse.
Figure 4
This VUV picosecond source was employed in a spectral recording of the He
1s2 1S0 - 1s4p
1P1 resonance line at 52.2 nm, as shown in Fig. 3. The linewidth
in the spectrum, amounting to 30 GHz, is mainly the result of the chirp effects
in the harmonic generation process. This is a limiting factor to the achievable
resolution for this design of a VUV source.
4 Femtosecond VUV pulses for high resolution spectroscopy
The ultra-short pulses from a femtosecond laser are seemingly not useful
for spectroscopic studies in view of the Fourier-principle, dictating that such
pulses exhibit an almost white spectrum. However, if the phase relationships
between consecutive pulses are controlled and used in combination, the per-
spective alters drastically. This is ultimately reached in a frequency comb laser
where full control is achieved for an infinite pulse train, thus delivering a mode
spectrum:
fn = nfrep + fCEO (3)
where frep is the repetition frequency of the modelocked frequency comb, fCEO
the carrier-envelope offset frequency, and n a large integer number. Both frep
and fCEO can be measured or locked against an atomic clock reference so that
all modes of the comb laser are known with high precision [24, 25].
The production of high-order harmonics in the plateau region can be easily
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achieved for the ultrashort pulses from a frequency comb laser, in particular
when a single pulse-pair is selected from the pulse train and subsequently am-
plified in a non-collinear optical parametric amplifier [26]. Under the condition
that no extra phases are imposed upon the laser pulses in the amplification
process nor in the harmonic conversion process, the resulting comb spectrum
after conversion into the VUV is:
fm = mfrep + qfCEO (4)
where m is again an integer and q is the integer harmonic order. The phase
build-up in the amplifiers can be measured by interferometric techniques [26],
while the phases acquired in harmonic conversion can be measured as well [27],
and are therefore left out of consideration. It is noted however, that only the
difference in phase build-up between consecutive pulses under consideration,
∆ψ, is of relevance.
In case two consecutive pulses are selected from a full pulse train emanating
from a frequency comb laser the mode spectrum stays the same, except for the
fact that the modes are no longer sharp spikes, but are diffused into a cosine-
modulated mode spectrum. Upon harmonic conversion of the double-pulse
structure the same mode structure as in Eq. (4) is retained [26] but again as a
cosine modulation. This sequence of manipulative steps on the comb structure
and the spectrum is highlighted in Fig. 5.
Figure 5
When using such double pulses for measuring a transition at frequency ftr in
an atomic system, one has to scan the time separation T between the two
pulses so that an excitation spectrum is obtained of the form:
S(T ) ∝ cos[2piftrT ] (5)
where it is assumed that additional phase difference effects are controlled and
may be neglected, so that ∆ψ(ftr) = 0 [27]. The resulting cosine-modulated
excitation spectrum is displayed in Fig. 6 representing a measurement of the
1s2 1S0 - 1s5p
1P1 transition in helium, using the 15
th harmonic of a Ti:Sa
frequency comb laser at a wavelength of 51 nm in the VUV.
Figure 6
This form of two-pulse delayed time-domain spectroscopy may be compared
to Ramsey’s separated zone oscillatory field spectroscopy, where now the sep-
aration is in the time domain rather than in the spatial domain. In particular
when using all pulses from a frequency comb laser it is usually referred to
as direct frequency comb spectroscopy [28], and as in all absolute frequency
measurements employing frequency comb lasers the central mode number, in
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this case the integer m of Eq. (4), must be determined. This is accomplished
by performing the measurement for a number of repetition rates frep of the
laser; for this purpose the cavity of the comb laser was redesigned to allow for
settings between 100 MHz and 185 MHz [29]. This study results in an accurate
value of the ionization potential of the helium atom as well as a determination
of the He ground state (at the 10−9 accuracy level), including a value for the
Lamb shift of the He ground state as accurate as 6 MHz [27, 29].
5 VUV Fourier-transform spectroscopy
From the perspective of non-laser based spectroscopies the technique of Fourier-
transform (FT) spectroscopy has been been known as an important tool com-
bining high resolving power and accurate intrinsic wavelength calibration.
Moreover, the interferometric technique exhibits a multiplex advantage. The
entire spectrum of the light source employed is covered at once in the spectral
decomposition obtained by Fourier-transforming an interferogram. While FT-
spectroscopy is widely used in the infrared domain as an analytical sensing
tool, it is used in the optical domain and even in the VUV domain down to
wavelengths of 140 nm [30], but operation in all cases depends on a beam-
splitter as a crucial optical element of the interferometer.
A recent development in VUV spectroscopy is the operation of a wave-front
division setup to generate an interferogram between two spatial parts of a
propagating beam at VUV wavelengths, without the use of transmitting ma-
terials. The scanning interferometer, shown in some detail in Fig. 7, exploits
the delay imposed by two rooftop reflectors shifted with respect to each other.
The stability and step-increments of the reflector displacement of the spa-
tial scanning instrument should be kept under extreme control, i.e. within a
fraction of the wavelength, in order to generate the interferograms. This is
accomplished by probing the motion of one of the roof-shaped reflectors using
a HeNe laser control interferometer. Such a FT-VUV device was developed
at the Soleil synchrotron, where it is operated at the beam-line DESIRS at
wavelengths in the range 40-200 nm [31].
Figure 7
The output of the undulator-based beam line delivers a beam of sufficient
transverse spatial coherence to operate in wave-front division. A bell-shaped
output spectrum of typically 7% bandwidth against the continuum back-
ground with sufficient power allows for the recording of interferograms on
a VUV silicon photodiode, even in case of the lossy reflections on the roof-
shaped reflectors.
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As an application example, a spectrum of high-resolution study of the HD
molecule is shown in Fig. 8 [32]. An aspect of the FT-VUV spectrometer
is that only linear absorption spectra can be recorded, imposing the disad-
vantage of Doppler broadening as a limitation. In the spectrum of Fig. 8,
taken at room temperature, the Doppler width is the dominant factor in the
linewidth amounting to 0.85 cm−1. Recently, also static gas spectra with liquid-
N2 and liquid-He cooling of the windowless flow cell were recorded to reduce
the linewidth. In addition the operation of the novel FT-VUV instrument was
also demonstrated in a gas-jet configuration thereby obtaining a linewidth of
0.2 cm−1 in a spectrum of D2 [33].
Figure 8
Acknowledgment
The authors wish to thank J. Bagdonaite, F. Brandi, P. C. Cacciani, G.D.
Dickenson, C. Gohle, A. N. Heays, W. Hogervorst, U. Hollenstein, T. I. Ivanov,
D. Joyeux, D. Z. Kandula, C. A. de Lange, M. T. Murphy, M. L. Niu, T. J.
Pinkert, J. Philip, E. Reinhold, A. Renault, M. Roudjane, W. Vassen, M. O.
Vieitez, S. Witte, A. L. Wolf, and R. T. Zinkstok for their involvement in the
projects. Scientists and staff of the SOLEIL synchrotron are thanked for their
support.
References
[1] R. Visser, E. F. van Dishoeck, and J. H. Black, Astron. Astrophys. 503, 323
(2009).
[2] X. Li, A. N. Heays, R. Visser, W. Ubachs, B. R. Lewis, S. T. Gibson, and E.
F. van Dishoeck, Astron. Astrophys. 555, A14 (2013).
[3] W. Ubachs and E. Reinhold, Phys. Rev. Lett. 92, 101302 (2004).
[4] E. Reinhold, R. Buning, U. Hollenstein, P. Petitjean, A. Ivanchik, and W.
Ubachs, Phys. Rev. Lett. 96, 151101 (2006).
[5] K. S. E. Eikema, W. Ubachs, W. Vassen, and W. Hogervorst, Phys. Rev. Lett.
71, 1690 (1993).
[6] U. Hollenstein, H. Palm, and F. Merkt, Rev. Scient. Instr. 71, 4023 (2000).
[7] W. Ubachs, K. S. E. Eikema, W. Hogervorst, and P. C. Cacciani, J. Opt. Soc.
Am. B 14, 2469 (1997).
[8] K. S. E. Eikema, W. Ubachs, W. Vassen, and W. Hogervorst, Phys. Rev. A
55, 1866 (1997).
[9] I. Velchev, R. van Dierendonck, W. Hogervorst, and W. Ubachs, J. Mol. Spec-
trosc. 187, 21 (1998).
[10] S. C. Xu, R. van Dierendonck, W. Hogervorst, and W. Ubachs, J. Mol. Spec-
trosc. 201, 256 (2000).
8
[11] J. Philip, J. P. Sprengers, Th. Pielage, C. A. de Lange, W. Ubachs, and E.
Reinhold, Can. J. Chem. 82, 713 (2004).
[12] U. Hollenstein, E. Reinhold, C. A. de Lange, and W. Ubachs, J. Phys. B 39,
L195 (2006).
[13] T. I. Ivanov, M. Roudjane, M. O. Vieitez, C. A. de Lange, W. U. L. Tchang-
Brillet, and W. Ubachs, Phys. Rev. Lett. 100, 093007 (2008).
[14] W. Ubachs, R. Buning, K. S. E. Eikema, and E. Reinhold, J. Mol. Spectrosc.
241, 155 (2007).
[15] J. A. King, J. K. Webb, M. T. Murphy, and R. F. Carswell, Phys. Rev. Lett.
101, 251304 (2008).
[16] A. L. Malec, R. Buning, M. T. Murphy, N. Milutinovic, S. L. Ellison, J. X.
Prochaska, L. Kaper, J. Tumlinson, R. F. Carswell, and W. Ubachs, Monthly
Not. Royal Astron. Society, 403, 1541 (2010).
[17] F. van Weerdenburg, M. T. Murphy, A. L. Malec, L. Kaper, and W. Ubachs,
Phys. Rev. Lett. 106, 180802 (2011).
[18] K. S. E. Eikema, W. Ubachs, W. Vassen, and W. Hogervorst, Phys. Rev. Lett.
76, 1216 (1996).
[19] A. L’Huillier, L. A. Lompre´, G. Mainfray, and C. Manus, J. Phys. B 16, 1363
(1983).
[20] F. Brandi, I. Velchev, D. Neshev, W. Hogervorst, and W. Ubachs, Rev. Scient.
Instr. 74, 32 (2003).
[21] D. Neshev, I. Velchev, W. Majewski, W. Hogervorst, and W. Ubachs, Appl.
Phys. B68, 671 (1999).
[22] F. Brandi, D. Neshev, and W. Ubachs, Phys. Rev. Lett. 91, 163901 (2003).
[23] F. Brandi, F. Giammanco, and W. Ubachs, Phys. Rev. Lett. 96, 123904 (2006).
[24] T. W. Ha¨nsch, Rev. Mod. Phys. 78, 1297 (2006).
[25] J. H. Hall, Rev. Mod. Phys. 78, 1279 (2006).
[26] D. Z. Kandula, A. Renault, C. Gohle, A. L. Wolf, S. Witte, W. Hogervorst,
W. Ubachs, and K. S. E. Eikema, Opt. Expr. 16, 7071 (2008).
[27] D. Z. Kandula, C. Gohle, T. J. Pinkert, W. Ubachs, and K. S. E. Eikema,
Phys. Rev. A 84, 062512 (2011).
[28] A. Marian, M. C. Stowe, J. R. Lawall, D. Felinto, and J. Ye, Science 306, 2063
(2004).
[29] D. Z. Kandula, C. Gohle, T. J. Pinkert, W. Ubachs, and K. S. E. Eikema,
Phys. Rev. Lett. 105, 063001 (2010).
[30] A. Thorne, J. Anal. At. Spectrum. 13, 407 (1998).
[31] N. de Oliveira, M. Roudjane, D. Joyeux, D. Phalippou, J.-C. Rodier, and L.
Nahon, Nat. Phot. 5, 149 (2011).
[32] T. I. Ivanov, G. D. Dickenson, M. Roudjane, N. de Oliveira, D. Joyeux, L.
Nahon, W. U. L. Tchang-Brillet, and W. Ubachs, Mol. Phys. 108, 771 (2010).
[33] G. Dickenson, T. I. Ivanov, W. Ubachs, M. Roudjane, N. de Oliveira, D. Joyeux,
L. Nahon, W. U. L. Tchang-Brillet, M. Glass-Maujean, H. Schmoranzer, A.
Knie, S. Kubler, and A. Ehresmann, Mol. Phys. 109, 2693 (2011).
9
Figure 1. Experimental setup of the pulsed dye-amplifier based narrowband and
tunable VUV source, in a crossed beam configuration for performing on-line Doppler
reduced spectroscopy. In the upper part the calibration facilities, a HeNe stabilized
etalon and an I2 saturation spectroscopic setup are shown. The box in the lower
right corner shows the differentially pumped vacuum setup for the production of
VUV in the first zone, and the excitation of a perpendicularly crossing molecular
beam and the ion extraction, time-of-flight and detection system. The acousto-optic
modulator (AOM) serves to shift the carrier frequency in the chirp detection scheme.
The electro-optic modulator serves to modulate the phase of the seed-light in order
to compensate for chirp effects in the amplifier [8].
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Figure 2. Measurement of the B-X (6,0) P(1) line of H2, at 94 472.029 cm
−1, recorded
by 1 VUV + 1 UV resonance enhanced photoionization. The absolute calibration
is performed against the I2 line marked with an asterisk; this is the a1 hyperfine
component of the P(34) line in the B-X (10,3) band at 16 245.13532 cm−1 [10].
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Figure 3. Excitation resonances of he atomic lines. (a) 1 VUV + 1 UV photoioniza-
tion of the 1s2 1S0 - 1s2p
1P1 line of helium at 54.8 nm produced with the ns-PDA
laser system upon 5th harmonic conversion at a linewidth of 600 MHz; (b) Absorp-
tion spectrum of the 1s2 1S0 - 1s4p
1P1 line of helium at 52.2 nm, recorded with the
picosecond VUV laser system as shown in Fig. 4, at a linewidth of 30 GHz.
12
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Figure 4. Two-column figure. Setup of the VUV source for pulses in the 300 ps
time domain. A pulsed dye amplifier (PDA) is injection seeded by the output of
a CW titanium-sapphire (Ti:Sa) laser at λ = 760 − 830 nm and pumped by the
SBS compressed output of a frequency-doubled Nd:YAG laser. These pulses are
further amplified in a bowtie amplifier with Ti:Sa crystals. The infrared laser pulses
produce, upon focusing at f = 20 cm, power densities of > 1013 W/cm2, sufficient
to reach the plateau for generating high harmonics into the wavelength window of
λ = 50 nm. Figure reproduced from Ref. [22].
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pair to the millijoule level, and subsequent HHG. Once the FCL
pulses (separated by the time /f ) are upconverted,
they can be used to directly probe transitions in atoms or
molecules. This form of excitation with two pulses resembles
an optical (xuv) version of the Ramsey method of spatially
(and temporally) separated oscillatory fields [30 44]. In the
present case, the interacting fields are not separated in space,
but only in time. Excitation with two (nearly) identical pulses
produces a signal which is cosine-modulated according to
cos tr 1φ tr
when varying through adjustment of of the comb laser.
In this expression tr is the transition frequency and 1φ tr
is the spectral phase difference at the transition frequency
between the two pulses. Relation ( ) is valid only for weak
interactions, which is the case in the current experiment given
an excitation probability of 1 per atom.
Without HHG and in the absence of additional pulse
the phase shift 1φ 1φ tr) is equal to 1φCE
The excitation signal will exhibit maxima corresponding to
those frequencies where the modes of the original comb laser
come into resonance with the transition.
The spectral phase difference of the generated xuv pulse
pair cannot be determined directly. Therefore, we need to
propagate the spectral phase difference from the frequency
comb through the parametric amplifier and the HHG process
into the interaction region. The phase shift 1ψ ) imprinted
on the pulses by the noncollinear optical parametric double-
pulse amplifier (NOPCPA) is measured directly using an
interferometric technique described previously [56]. To model
the HHG process we employ the slowly varying envelope
approximation described in Sec. , which yields a differential
xuv phase shift of the form
1φ 1φCE 1ψ 1ψ
where 1ψ denotes the carrier envelope phase accumulated
in the NOPCPA (compare Sec. IV), is the harmonic order
of the resonant radiation, and 1ψ is an additional phase
shift due to nonlinear and transient response in the HHG
process [57 58] and transient effects such as ionization. Note
that only differences in phase distortion between the two
subsequent pulses from the FCL affect 1φ and therefore the
Ramsey signal. Shared distortions, such as frequency chirping
due to uncompensated time-independent dispersion, have no
influence on the outcome of this experiment.
The frequency accuracy of the method scales with the
period of the modulation ( , here equal to 100 to 185 MHz)
rather than the spectral width of the individual pulses (about
7 THz in the xuv at the 15th harmonic). An error in the
value of 1φ leads to a frequency error in the spectroscopy
result of 1f δ/(2πT ). Of the two components contributing
to this error, 1ψ ), can be expected to be independent of
while the transients contained in 1ψ decay with increasing
. Therefore, 1f decreases at least with 1/T , leading to
a higher accuracy for a longer time separation between the
pulses. In practice, there is still a minimum requirement on
the stability and measurement accuracy of phase shift of rms
200th of a cycle (at the fundamental frequency of the FCL
in the near infrared). This ensures that the contribution δψ to
the frequency uncertainty of the measured transition frequency
1. (Color online) Principle of frequency-comb generation
and spectroscopy in the xuv. (a) Schematic of the spectral and tempo-
ral structure of the generated light at different stages in the experiment
to right): sharp equidistant frequencies from the infrared
by double-pulse amplification resulting in a cosine-
modulated spectrum, and finally HHG resulting in odd harmonics of
the central frequency, where each of the harmonics consist of a xuv
comb in the form of a cosine-modulated spectrum with period
is small enough so that the “mode number” ambiguity in the
transition frequency, due to the periodicity of the signal, can
be resolved with confidence.
A sketch of the xuv comb principle in the frequency domain
is shown in Fig. . An FCL serves as a source of phase-
coherent pulses. A pair of such pulses is amplified in
a NOPCPA to the mJ level, yielding a cosine-modulated
spectrum when viewed in the frequency domain. The amplified
pulses are spatially filtered with two pinholes: one placed
between the second and third amplification stage and one after
As a result, the pulse pairs show less spatial
intensity and phase variation compared to the unfiltered beam.
Before the ir beam is focused in a krypton jet for HHG, its
center is blocked by a 1.9-mm-diameter copper disk, while the
outside is clipped with an iris to typically 6 mm in diameter.
The donut-mode shape is used to facilitate the separation of
the driving ir field from the generated xuv emitted on axis (see
also Sec. III D).
Phase shifts in the NOPCPA, which are not common
for both pulses and therefore change the position of the
comb modes, are measured by means of spectral interference.
A Mach-Zehnder-like configuration is used to interfere the
original comb pulses with those amplified by the NOPCPA, as
described in [56] and Sec. III C
The amplified pulses are focused a few mm in front of a
krypton jet, in which two phase-locked pulses of high-order
harmonics are generated to create a cosine-modulated comb
spectrum in the xuv. In order to avoid direct ionization
of helium with higher-order harmonics, the ir intensity in
the interaction region and the harmonic medium are chosen
such that the desired 15th harmonic appears at the cutoff of
the HHG process. The xuv beam perpendicularly crosses a
low-divergence beam of helium atoms and excites them from
the ground state to the 1snp state ( ∈ { ). A pulse
of 1064 nm radiation ionizes the excited atoms, which are
subsequently detected in a time-of-flight mass spectrometer.
Tuning of the xuv comb is accomplished by changing of
the FCL. The changing mode separation effectively causes the
modes in the xuv to scan over the transition. An example for
a scan of the repetition time corresponding to approximately
500 attoseconds (as) is shown in Fig. . The number of the
Figure 5. Sequence of manipulation the comb structur from a frequency comb,
with the full pulse train emanating from the comb laser, the amplification of a pair
of two puls s in a no -collinear op ical parametric amplifier, and the conversion into
harmonics in the plateau region. The 15th harmonic, to be used in the excitation of
the helium atom, exhi its a cosine-modulated mode spectrum with period frep.
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FIG. 2. (Color online) Excitation probability of helium at 51 5 nm
on the 1 2 1 -1 transition, as a function of the repetition of
the frequency-comb laser (lower axis), and the delay between the
pulses (upper in attoseconds). In this example, CEO is locked
46 21 MHz, and a 1 : 5 He:Ne mixture is used for the atomic beam.
mode that excites the measured transition in this experiment
is on the order of 50 million. This means that the repetition
rate of the fundamental FCL needs to be changed only by
a few Hz in order to bring an adjacent xuv-mode into
resonance with a helium transition ( is assumed to be at the
transition initially). As a consequence, the ionization signal
will be cosine modulated. In order to resolve the resulting
ambiguity in the mode-number assignment, the measurement
is repeated with different repetition rates, corresponding to
pulse delays between 5 4 and 10 ns.
Besides the frequency-domain perspective, this experiment
can be viewed also in the time domain. In this case it can be
seen as a pump-probe experiment, which tracks the dynamics
of the electronic wave function that results from mixing the
ground state of helium with the excited -level. The first xuv
pulse brings the atom into a superposition of the ground and
the excited state. This superposition results in a dipole, which
oscillates at the transition frequency with an amplitude that
decays according to the lifetime of the excited state. The
second pulse probes this oscillation. Two extreme cases can be
If the second pulse is in phase with the dipole os-
cillation, the amplitude of the excited state increases, and thus
its detection probability also increases. If the phase of the sec-
is shifted by to the dipole oscillation
of the helium atom, its oscillatory movement is suppressed and
the probability to find an atom in the excited state decreases.
III. EXPERIMENTAL SETUP
The measurement setup consists of four major elements: a
frequency-comb laser, a noncollinear parametric amplifier, a
phase-measurement system, and a vacuum apparatus for HHG
and excitation of helium in an atomic beam. A schematic
overview of the setup is given in Fig.
A. Frequency-comb oscillator and pulse stretcher
Phase-coherent pulses are obtained from a home-built Kerr-
lens mode-locked Ti:sapphire frequency-comb laser. The FCL
has an adjustable repetition rate between 100 and 185 MHz.
Dispersion compensation in the cavity is obtained with a set
of chirped mirrors, supporting a spectral bandwidth of 60 nm
FIG. 3. (Color online) Scheme of the experimental setup, in-
cluding: femtosecond frequency-comb laser with control electronics,
noncollinear optical parametric chirped-pulse amplifier (NOPCPA),
a phase measurement in a Mach-Zehnder interferometer, high-
generation (HHG), and a spectroscopy apparatus. Part of
the pump laser output at 1064 nm is used as ionization beam.
centered around 780 nm. Both CEO and are individually
locked to an rf generator using a digital ( CEO) or analog
phase detector ( ) combined with a proportional-integral-
derivative (PID) controller. The rf generators themselves are
referenced to a rubidium clock (Stanford research PRS10),
which in turn is referenced to a GPS receiver so that an
accuracy on the order of 10 11 is reached after a few seconds
of averaging. Before sending the FCL pulses to the amplifier,
the wavelength and bandwidth of the comb pulses is adjusted
with a movable slit in the Fourier plane of a grating-based 4-
stretcher (1200 l mm, 10 cm). The bandwidth is set to
6 nm in this device, ensuring that, after upconversion to the
xuv, only one state in helium is excited at a time. The spectral
clipping and losses from the gratings in the stretcher reduce
the pulse energy from about 5 nJ to 60 pJ. At the same time, the
added dispersion and reduced bandwidth lengthens the pulse
to about 2 ps.
B. Noncollinear optical parametric amplifier
A pair of subsequent pulses obtained from the stretcher is
amplified in a noncollinear optical parametric chirped-pulse
amplifier based on two 5 -mm-long beta-barium borate (BBO)
crystals. Here we present a concise description of the system,
while further details can be found in [56 59]. The amplifier
operates at a repetition rate of 28 Hz, and amplifies two
subsequent FC pulses to a level of typically 5 mJ each.
The bandwidth of the pulses remains essentially unchanged
compared to that selected by the slit of the preceding
stretcher, although saturation effects in the NOPCPA result
in a “cathedral’-like spectrum (see Fig. ). The pump light
for the NOPCPA (two pulses at 532 nm, 50 ps, 80 to 100 mJ
per pulse) is obtained by frequency doubling 1064 nm light
from a Nd:YAG-based pump laser. A relay-imaged delay line
in the pump laser is used to produce these pulse pairs with a
time separation between 5 5 and 10 ns. This time separation is
adjusted carefully for each value of to match the time delay
between consecutive pulses from the FCL at a few-ps level.
Electronic synchronization is employed (timing jitter less
than 1 ps) so that the pump and comb-laser pulses arrive at the
BBO crystals at the same time. The amplification happens in
three stages, the first two located in the first BBO crystal and the
last (power amplifier) stage uses the second. Between the first
and second crystal spatial filtering is used to reduce phase-front
Figure 6. Two-pulse excitation probability on the 1s2 1S0 − 1s5p
1P1 transition in
Helium. The lower x-axis represents the scan of the repeti on rate of the frequency
comb laser, while on the upp r axis the delay between h two pulses is shown in
attos conds. Figure from R f. [27].
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Figure 7. Two-column figure. Experimental layout of the wavefront-division inter-
ferometer used at the DESIRS beam line at Soleil with the roof-shaped VUV re-
flecting surfaces in the path to produce the interferences at the detector (PD). In
the zoomed-in part (upper right corner) the control of the beampath difference,
established by a HeNe laser beam reflecting multiple times from the rear of the
traveling optic, is shown. Figure from Ref. [32].
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Figure 8. Fourier-transform VUV absorption spectrum of the HD molecule at room
temperature measured at the DESIRS beamline at Soleil. The top panel displays
the bell-shaped curve associated with a single setting of the undulator. The bottom
spectrum is a zoom-in displaying a line in the Lyman band (L15R2) and a line in
the Werner band (W3Q2) at the Doppler width of 0.85 cm−1.
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